Abstract. This work is a synthesis of observational and magnetosphere model produced results. In the first place, we observe geographic latitude-dependent delays in signature arrival times at dawnside ground magnetograms. We use the IMAGE chain ground station magnetograms associated with in-situ observations obtained from the Wind, ACE, IMP-8, LANL 97A and Cluster satellites. We demonstrate that the structures under study of ground signatures are directly dictated by successive exo-magnetosphere pressure pulses applied along the magnetopause. In one case, using the Cluster configuration, we determine the magnetopause surface wave velocity ∼210 km·s −1 , the wavelength λ≈16 R E and the azimuthal wave number m ∼ =6. For this case, via Tsyganenko's T96 model, the positions from the ground stations are traced out along the magnetic field lines, and their conjugate points over the XY GSM plane are determined. In this way, we have found that especially the conjugate points corresponding to the highest latitude stations are systematically dispersed along the X-axis (ranging up to ∼8 R E ) and consequently, each of these points is associated with a different amount of magnetopause displacement dictated by the pressure wave. The local magnetopause compressions produce increments of the cross tail electric field, which is directly mapped over the ionosphere plane, where successive X-line Hall current structures are developed.
Introduction
This work is focused on an observational phenomenon with dispersive and latitude-dependent ionosphere structure, which is directly driven by a solar wind pressure pulse. The solar wind/magnetopause/magnetosphere/ionosphere interaction is our frame of work, where field line resonances
Correspondence to: D. V. Sarafopoulos (sarafo@ee.duth.gr) (FLRs), twin-vortex current systems, pressure induced electric fields, and other involved mechanisms are of great importance.
The title of the work summarizes our prime conclusion. Ground and satellite observations are combined with results produced using Tsyganenko's T96 model. In the observational Sect. 3 representative events are included showing that there is a latitude dependent time delay in the arrival time of ground magnetogram signatures due to exo-magnetosphere successive pressure pulses. Through the T96 model the ground stations are traced out along the magnetic field lines toward the magnetosphere current sheet at Z GSM =0. The IM-AGE stations mapped close to the dawnside magnetopause are dispersed along the X-axis and, in this way, each station magnetogram carries information which is associated with a different amount of magnetopause displacement, that is it may be possible that information originated from an extent λ/2 of the wavy modulated magnetopause surface corresponds to ground stations having the same longitude. Therefore, repetitive solar wind pressure pulses producing tailward travelling waves over the magnetopause may eventually induce, as we discuss later on, X-line Hall current structures over the ionosphere.
The fact that a distinct ground signature, at times, displays a latitude-dependent dispersion is not something entirely new. We make the following two notes: Sastri et al. (2001) have studied the characteristics of the geomagnetic sudden commencement (SC) that occurred at 12:11:30 UT on 18 November 1993. They observed that the IMAGE stations in the afternoon sector show a latitudinal variation of nominal peak amplitude and peak time across the chain. A similar observation has been found by Takeuchi et al. (2000) for the preliminary impulse (PI) of the negative sudden impulse that occurred at 11:54 UT on 13 May 1995. In both cases, as we checked each event using the T96 model, the IMAGE stations are mapped to azimuthal angles ranging from −45 to −55 • , over the equatorial plane.
Our inference here, although we have not performed a statistical work, is that events showing the above described dispersive character are not uncommon and, most importantly, they are associated with isolated or successive solar wind pressure variations. Additionally, we attempt to define the mechanism producing the dispersive character, and this effort is largely supported by the T96 magnetosphere model. We have selected events observed at the dawnside magnetosphere because in this sector the T96 model may be able to give the tail-like character of the magnetosphere which is probably more intense closer to the magnetopause.
In a recent work, Sarafopoulos (2004) reported distinct monopolar and bipolar ground signatures, or better, singleand twin-vortex ionosphere current systems, associated with distinct solar wind ram pressure stepwise variations and pulses, respectively. However, he has not studied the dispersive character observed in signature arrival times, while the latter is the subject we are focused on in this work. Distinct monopolar and bipolar ground signatures are studied by many researchers (Friis-Christensen et al., 1988; McHenry et al., 1990; Glassmeier and Heppner, 1992; Glassmeier, 1992) but, essentially, they have not associated their events with the interplanetary exo-magnetosphere conditions, or they have not had the presently abundant multi-satellite data. Takeuchi et al. (2002a) studied 28 sudden impulses (SI) events and related solar wind structures to ionospheric twin-vortices. However, they did not consider latitudinal time delays in the ground responses explicitly, and did not apply any magnetospheric mapping.
It is well-known that the Earth's magnetosphere cavity is formed by tangential stresses that the solar wind applies, as it gives up momentum to the outer regions of the intrinsic field. In the momentum exchange a system of electric currents is set up whoseJ ×B force effectively distorts the outer fringe of the magnetic field, pulling it downstream to form a cometlike magnetotail. Field lines emerging from the polar regions are swept back, away from the Sun, while field lines originating at low latitudes still form closed loops between Northern and Southern Hemispheres, though there can be some distortion from the dipole form. In this context, we require a quantitative model for the Earth's magnetic field, in order to calculate geomagnetically conjugate points for the IMAGE array stations over the equatorial plane. We know the geographic coordinates for each ground station, that is the footpoint of a field line at the Earth's surface, and trace that line for a specified moment of universal time (UT) using Tsyganenko's T96 01 model (the 22 April 2003 version is used). We apply this model in the dawnside magnetosphere and the conjugate points of IMAGE stations are traced over the magnetotail current sheet. These (X, Y) GSM points are determined as those along the field line with Z GSM =0. We use the new T96 model (Tsyganenko, 1995 (Tsyganenko, , 1996 , which was developed with continuous dependence on the solar wind pressure, interplanetary magnetic field (IMF) and D st -index, replacing earlier binning into several K p -index intervals.
The observations are exhibited in Sect. 2. The proposed mechanism producing the key observations, together with the results produced through the T96 model, are discussed in Sect. 3. This event clearly shows that distinct ground signatures are systematically detected with progressively increasing time delays at higher latitudes. In Fig. 1 NAL station) , that is in a range of ∼20 • , which probably suggests that the whole magnetosphere is affected in a global scale mode. Certainly some field line resonances (FLRs) are inevitably observable along a few station (for instance, BJN or NUR) traces, but the FLR pulsations are superimposed over the dominant and permanent three-peaked structure. The higher latitude stations display the larger magnitude decreases; a piece of providing strong evidence that the disturbances under study are damping at larger distances from the magnetopause. Additionally, the maximum observed delay time of ∼6 min is shared among the five-latitude station steps included in Fig. 1 . The diagram for each ground signature arrival time versus the geographic latitude of station is shown in Fig. 2 . The solid circles correspond to the stations of Fig. 1 and the dashed line Y=2.85lnX+73.65 represents a fitting curve. In Fig. 2 the open circles show the computed ground signature velocity that is almost constant for the stations poleward of BJN and ∼1.7 km s −1 . The ultimate mechanism producing the delays must quantitatively produce the velocity-station latitude scheme of Fig. 2 . Our next step is to provide convincing observational evidence that the three presented decreases along the magnetogram traces are caused by three successive and distinct exo-magnetospheric pressure increases, the so-called pressure pulses.
Observations

Three successive solar wind pressure pulses
In the upper panel of Fig. 1 the intrinsic (i.e. unaffected by the bow shock) interplanetary magnetic field (IMF) magnitude is shown, demonstrating three major depressions labelled as a), b), and c). We shall argue below that these depressions are associated with three solar wind pressure pulses, which are the direct drivers for the ground signatures under study. The IMF magnitude of Fig. 1 is measured by Geotail located at (X, Y, Z) GSE =(15.27, 2.43, 1.66) R E , at 05:00 UT. The Geotail, as well as the ACE, LANL 97A and Cluster 3 positions, and the average IMF direction, are shown in Fig. 3 . The geographic longitude for the Geostationary satellite LANL 97A is 70.2 • , and at 05:00 UT its position is shown in Fig. 3 . ACE, at the same time, was positioned at (X, Y, Z) GSE =(247.8, 20.4, 14. 3) R E . The Geotail/MGF experiment vector magnetic field measurements (magnitude B, azimuthal phi and polar theta angles), for the interval under study, are shown in Fig. 4 (top three panels). The three magnitude decreases are associated with three magnetic field decreases observed 71 min before by the ACE spacecraft (Fig. 4 , bottom panel). This value of travel time is close to the expected, if we take into account the solar wind velocity being Vx=360 km/s (fifth panel), and the separation distance between Geotail and ACE X=232 R E . These three successive magnetic field magnitude variations correspond to three dynamic pressure increases, as it is inferred by the following in-situ measurements:
-There are three solar wind density enhancements seen along the Geotail/CPI/SWA trace (Fig. 4 , fourth panel) that are anticorrelated to the magnetic field decreases. Additionally, at the same time, the solar wind velocity V x (fifth panel) essentially remains unchanged.
-The three solar wind magnetic field decreases seem to be closely anti-correlated to variations of energetic particle fluxes at the LANL 97A site. Actually, Fig. 5 shows "the three exo-magnetosphere pulses" to be tightly associated with increases seen along the energetic electron and proton (50-75 keV) differential fluxes (second and third panel, shaded areas).
-The earliest detected response at ground is that corresponding to the lowest latitude stations of the IM-AGE array, and representatively the Uppsala (UPS) Xcomponent response is shown in the fourth panel of Fig. 3 are the conjugate points for these stations over the equatorial plane computed via Tsyganenko's T96 model. The compression travel time from Geotail to LANL 97A (8 min, on average) is, as anticipated, larger than that between LANL 97A and UPS (5 min on average). Certainly we assume that the incident pressure force is peaked when it is applied perpendicularly to the magnetopause surface.
-The Cluster four satellites provide additional evidence supporting the existence of three pressure increases travelling along the magnetopause surface (Fig. 5 , three bottom panels), as we shall study in detail in Sect. 2.1.3.
Therefore, with in-situ measurements upstream of the bow shock, as well as inside the magnetosphere cavity, convincing evidence for three successive solar wind pressure pulses is achieved.
Velocity of the magnetopause surface wave
The Cluster 3 spacecraft, at 05:00 UT, was positioned at (X, Y, Z) GSE =(−1.9, −10.67, 8.56) R E , and Cluster 1, 2, and 4, Cluster 3 remains at the high-latitude boundary layer (HLBL), called the plasma mantle. When a solar wind pressure pulse reduces the magnetotail diameter, Cluster 3 crosses the boundary and exits into the magnetosheath. The latter is evident from the bottom three panels of Fig. 5 , showing the Cluster 3 magnetic field (FGM experiment, Balogh et al., 1997) components. The negative values along the B y trace represent the magnetic field lines that are draped around the magnetopause (Ohtani and Kokubum, 1991; Sarafopoulos, 1995) . The IMF has an intense negative (about −3 nT, see Fig. 4 ) B y component, which is detected in each Cluster exit into the magnetosheath proper. Therefore, the three successive exits of Cluster 3 are caused by three compressions applied over the magnetopause. The resulted surface wave propagates tailward and its velocity can be estimated using the geometry of four Cluster spacecraft. The most appropriate spacecraft positions are those of Cluster 1 and 2, which are mainly separated along the X-axis (i.e.
X 12 =1873, Y 12 =797 and Z 12 =365 km). Figure 6 shows two representative short-lived entries of both Cluster 1 and 2 into the plasma mantle (positive B y values). The travel time from Cluster 1 to 2 is about t=9 s and the derived surface wave velocity along the magnetopause is ∼210 km·s −1 . The wavelength for the surface wave is ∼16 R E, given that the wave period is 8 min. Approximating the Cluster 3 L-shell as circular, we obtain a circumference of ∼95 R E , and the azimuthal wave number is m ∼ =6, which is obviously a low wave number (m<10). Fig. 7) . Measurements obtained on board Wind are shown in the upper three panels of Fig. 8 , and demonstrate the existence of four major solar wind dynamic pressure increases. Four decreases seen along the IMF B x component trace (top panel) are anticorrelated to the ion (second panel, thick line) and electron (thin line in descending scale) densities, which are obtained by the Wind/3DP and Wind/SWE instruments, respectively. The Wind/SWE ion dynamic pressure (in nPa, third panel) has almost a similar time profile with that of ion density. We note that all the displayed data of Wind are shifted in time 39 min to offset the solar wind convection time from Wind to Earth. The four pressure increases are applied over the magnetosphere and the IMAGE array ground magnetograms are modulated by them. The highest latitude NAL station shows four major peaks (marked with arrows along the Xcomponent trace in Fig. 8 ), during the period 06:40−07:55 UT of day 29, 1995. These major peaks are also detected at lower latitudes by the Hornsund (HOR), HOP and BJN stations. Most significantly, these peaks are associated with latitude-dependent time delays. In the HOP station trace we discern more than three peaks, and all the peaks are fully developed at the BJN station site. It seems that a FLR is developed at the BJN station magnetic flux tube because the BJN L-shell field line eigenperiod probably matches better with the repetition rate of the excitation source. At lowest latitude stations (not shown in Fig. 8 ), the four solar wind driven peaks are seen as transient magnitude decreases. Additionally, these four pressure increases probably dictate the deviations seen along the B y -component of the magnetic field measured by IMP 8 (bottom panel), which was located at (X, Y, Z) GSE =(−31.6, 13, 12.8) R E , within the magnetosphere cavity.
In summary, it seems that the four distinct pressure variations immediately produce ionospheric currents in the highest latitude stations that naturally correspond to magnetic flux tubes closest to the magnetopause. The currents are externally driven and display similar time profiles with the solar wind density trace. A second mechanism (i.e. a FLR) produces pulsations with a period T ∼ =8 min at lower latitude stations and especially at BJN. The high pressure solar wind structures seem to be directly associated with the IMF direction. In Fig. 7 the shaded high-pressure region with a duration of ∼4 min sweeps the Wind, as well as the IMP-8 sites.
Third event on 15 October (day 288) 2001
A particular characteristic for this event is that it has been caused by an isolated solar wind pressure increase. The later is better manifested through the Geotail/CPI/SWA ion density trace shown in the top panel of Fig. 9 . Geotail, at 08:00 UT, was located at (X, Y, Z) GSM =(6.8, 12, −4.6) R E . At ∼08:33 UT Geotail temporarily exits from the magnetosphere/boundary layer region into the magnetosheath characterized by high density values. We identify the initial Geotail entry into the magnetosphere at ∼08:00 UT by an abrupt increase in B z and earthward fluxes of the ∼60 keV energetic particles (not shown here). The short exit into the magnetosheath is not accompanied with energetic particle fluxes measured by Geotail/EPIC. The systematic delays in arrival times of ground signatures are apparent, and the thick-dashed line in Fig. 9 underlines this fact. The small arrows along the NUR station trace suggest that a FLR is developed at this flux tube. This event occurred at the pre-noon rather than the dawnside section of the magnetosphere.
Our assumption that the magnetosphere was compressed and Geotail was forced to exit from the magnetosphere is largely supported by the Wind data (not shown here). Wind was located at (X, Y, Z) GSE =(67.5, −58, 7.8) R E , at 08:00 UT. For a long time the ion density remains fluctuating at a level of ∼4 cm −3 (3DP plasma experiment) and abruptly changes to ∼7 cm −3 at ∼07:58 UT. This transition is applied over the magnetosphere after ∼32 min, and this is the anticipated travel time resulting from the measured solar wind velocity ∼430 km s −1 and the appropriate interplanetary pressure discontinuity orientation. The latter is evaluated from the time-lag responses between Wind and Geotail/ground stations: the pressure front must be inclined so that the discontinuity normal has a longitude of ϕ∼135 • . Certainly this orientation will be slightly modified after crossing the bow shock because of refraction (Sarafopoulos, 2004) . Eventually, the pressure front inclination suffices to excite a local magnetopause surface waveform travelling tailward and producing the ground dispersive signatures.
Discussion
Systematic latitude-dependent delays related to results from the T96 model
Our main inference in this work is that a solar wind pressure pulse produces a ground signature that is detected with a time delay positively correlated to the station latitude: the higher the latitude, the larger the delay time. Therefore, we would anticipate that successive, quasi-periodic pressure pulses might produce latitude-depended ground waveforms, even in anti-phase. Actually, this is the case for the event shown in Fig. 1 : the NAL and BJN stations detect waves in anti-phase. An explanation for this observational feature, in terms of ionospheric currents, is given later on, together with an appropriate schematic figure. At present, we are interested in determining the conjugate points for the IMAGE stations over the magnetosphere equatorial plane. It is reasonable for one to anticipate that the higher latitude stations will map at points displaced progressively tailward, given that the magnetic field shells near the magnetopause are pulled tailward by the solar wind. In our first two case studies the IMAGE stations are close to the dawn meridian plane and, therefore, they will probably carry information associated with the dawnside magnetopause surface waves.
We use the T96 model in order to calculate the geomagnetically conjugate points for the IMAGE array stations over the magnetotail current sheet plane. For our first case (30 June 2001), we define the universal time (04:50 UT), the geographical longitude and latitude for each station, the solar wind dynamic pressure 2 nPa, and the D st =18 nT. The B y and B z components of the IMF (from the Geotail data, Fig. 4 ) are taken as −3.5 and −1 nT, respectively. In Fig. 10 the eight open circles represent the conjugate points for the stations NUR, Kevo (KEV), Tromsø (TRO), BJN, HOP, HOR, LYR and NAL over the XY GSM plane. Additionally, the solid circles in the same figure correspond to a hypothetic chain of ground stations having progressively increasing latitudes, while their longitudes are the same. More specifically, all the stations in this hypothetic chain have longitude 19.2 • , which is the longitude of station BJN considered as reference. The three solid circles closer to the Earth correspond to 60.5, 65.5 and 70.5 • geographic latitudes, while the next ten points correspond to latitudes with increment 1 • , that is the more distant point from the Earth has latitude 80.5 • and longitude 19.2 • .
A profound conclusion is that the lower latitude stations (60.5−70.5 • ) are mapped at almost radial positions, whereas the higher latitude (71.5−80.5 • ) magnetic field lines are pulled downstream. This result, the qualitatively anticipated one, is probably the cause for the detected dispersion in ground signature arrival times. A supposed tailward travelling compression pulse along the magnetopause will probably produce a poleward travelling signature in ground magnetograms. Figure 10 is drawn for the first studied event for which the magnetopause wave velocity is estimated V=210 km s −1 and the surface wavelength ∼16 R E . The latter is schematically visualized in Fig. 10 , where the shaded area shows the compressed-decompressed part of the magnetosphere. It is apparent that each station is associated with a different amount of magnetopause displacement from its nominal position. Most importantly, for instance, the NAL station corresponds to a highly compressed region, whereas the BJN station corresponds to a highly decompressed region. Observationally, the stations NAL and BJN show waveforms in anti-phase and, therefore, this feature is probably directly associated with the magnetopause surface wave.
We have mentioned in the Introduction 2 cases cited by Takeuchi et al. (2000) and Sastri et al. (2001) , showing latitude dependence on signature arrival times. Although both of them were observed in the post-noon section, the production mechanism may be similar to what is proposed in this work.
Longitude-dependent response in the T96 model
At this point, we think that it is of great importance to scrutinize more systematically how the different longitudes of IMAGE stations may affect our mechanism producing dispersion patterns. It is useful to check the influence of longitude using three hypothetic chains of ground stations with constant geographic longitude in each chain. We consider the three chain-categories having longitudes 9.2 • , 19.2 • and 29.2 • , that is we assume a fluctuation range ±10 • , as it is the situation for the IMAGE stations. Figure 11 shows the results for the three categories (stars, solid and open circles) produced via Tsyganenko's T96 model. The geographic latitudes are shown along the left-hand dashed line of Fig. 11 , ranging from 60.5 • to 80 • . All three categories demonstrate the same trend: the higher latitude magnetic field lines are The increments E travelling tailward and sweeping the BJN and NAL sites over the XY plane are directly mapped over the ionosphere plane. In this sketch the NAL station with the highest latitude and the station BJN as well are assumed to move sunward beneath the ionosphere structure of E considered stationary. The X-line Hall current configuration inferred from ground measurements is drawn with a thick grey line. mostly displaced tailward. At this point we pay attention to the IMAGE chain longitudes and their influence over the derived pattern. We underline the fact that the specific array of the NAL, LYR and HOP stations with increasing longitudes (i.e. 11.5 • , 15.82 • and 25.01 • , respectively) reinforces further their dispersion along the X-axis.
3.3 Pressure wave producing X-line Hall current structures over the ionosphere In schematic Fig. 12a , we consider that the magnetopause undulates over the XY plane with a surface velocity V. Each of the successive compressions (decompressions) shown corresponds to an inward (outward) bulge of the magnetopause surface. Moreover, we assume that each local compression diminishes the magnetotail width and consequently, produces an increment E of the cross tail electric field E. In the first studied event, the three successive compressions will give a waveform E= E 0 sin(kx+ωt) travelling tailward with a velocity ∼210 km·s −1 . This is visualized in Fig. 12a with alternating direction in the E vectors. Additionally, the conjugate points for the stations NAL and BJN over the XY plane are indicatively placed in Fig. 12a . It is obvious that NAL is mapped to a region with positive E increment, whereas BJN is mapped to a region with negative E increment. This placement is realistic given that the mag-netopause surface wavelength and the distance between the NAL and BJN points are estimated ∼16 and 8 R E , respectively. The E variations are carried through the magnetic field lines and directly applied over the ionosphere plane, which is shown in Fig. 12b . In this schematic the ground stations NAL and BJN are considered to be moving sunward below a hypothetic stationary structure of ionospheric E electric fields. These electric fields, together with the local magnetic fields, produce Hall currents, which are detected by both ground stations as bipolar magnetic field variations (i.e. NP for BJN, and PN for the NAL station). In Fig. 12b an X-line structure of Hall currents is formed and probably it is part from a twin-vortex current system. According to recent work by Sarafopoulos (2004) , each solar wind pressure pulse produces a distinct Positive/Negative (PN) or Negative/Positive (NP) bipolar feature along the X-component magnetogram traces, and most importantly, each pulse is associated with a twin-vortex ionospheric current structure. Therefore, under this perspective, in our first case study, the three bipolar NP pairs that are marked along the LYR station trace in Fig. 1 (third panel), probably provide strong evidence for three twin-vortex ionospheric current structures.
In this work, we do not have the cases of single pressure pulses analyzed by Sarafopoulos (2004) ; however, the conclusion here is that even the more complicated events with repetitive pulses will produce recurrent twin-vortex systems, like the example of multiple vortices shown by McHenry et al. (1990) .
FLRs and observed ground signals
Certainly the observed phenomenon with gradual increases in arrival times of ground signatures is latitude-dependent and produces waveforms out of phase, and even in antiphase. This observation is entirely different from the field line resonance (FLR) mode of oscillation, although the FLR produces waves that change their polarization (waves in antiphase) when crossing the resonant L-shell. In our study the amplitudes of a ground signature are maximized at the highest latitude stations mapped closest to the magnetopause boundary. In contrast, in the FLR mode of oscillation a resonance region of about 1 • latitudinal width, at ground, is excited, and corresponds to a particular L-shell (Walker et al., 1979; Hughes, 1994; Glassmeier, 1995) . Most importantly, our ground response seems to be directly associated with the solar wind exo-magnetosphere conditions rather than an intra-magnetosphere dynamics. Certainly the above discussion does not refuse the existence of authentic FLR events and the validity of the FLR theory as well.
3.5 The magnetosphere/ionosphere velocity scale factor
The detected dispersive structures are mainly produced by the stations having higher latitudes than that of BJN. Usually BJN constitutes the threshold latitude in curves like those of Figs. 2 and 10. The tailward travelling magnetopause surface wave produces a northward moving ionosphere signature. The magnetopause surface velocity (see Fig. 10 ) produces a magnetosphere pressure wave propagating from the point BJN to point NAL, with an almost constant velocity value of ∼210 km s −1 . The ionosphere velocity for a distinct current signature, at higher latitudes than the BJN one, is almost constant and ∼1.7 km s −1 (see Fig. 2 ). Therefore, there is a velocity scale factor between the two propagating waves of ∼130. The ground stations from the IMAGE array having latitudes smaller than that of BJN are associated with almost radially placed conjugate points over the equatorial plane. If the line connecting these points is orthogonal to the magnetopause surface, then the ground stations will respond instantly and there is not any delay time. Apparently the curve of Fig. 2 is not fully associated with the curve of Fig. 10 ; Fig. 2 is lacking the information of station longitude. The above determined scale factor is of great importance because one can reliably estimate the magnetopause surface velocity knowing the ground signature northward velocity, which is always calculable from the available ground data.
3.6 Orientation of the pressure wave front A fundamental notion in this work is that the studied dispersive ionosphere structures are directly produced by tailward travelling magnetopause surface waves. In order to be detected ground delays, two factors are of critical importance. First, the conjugate points of ground stations over the equatorial plane must be dispersed along and close to the magnetopause surface and second, the excited magnetopause surface wave must have a wavelength comparable to the extent of the dispersed ground station conjugate points over the XY plane. The maximum delay time is dependent on the surface wave velocity and the extent of dispersion of ground station conjugate points along the magnetopause. Apparently, if we hypothesize a pressure wave front parallel to the magnetopause, then no dispersive structures on Earth will be anticipated, although a ground response will exist. Therefore, a highly inclined pressure discontinuity orientation may become of great importance, as was the case in determining the geomagnetic sudden commencement (SC) rise time by Takeuchi et al. (2002b) .
Conclusions
Ground and satellite observations, together with results from Tsyganenko's T96 model of the magnetosphere, have established the conditions under which a compression wave travelling tailward along the magnetopause surface will produce poleward moving signatures in ground magnetograms. We observe geographic latitude-dependent delays in signature arrival times at dawnside ground magnetograms and demonstrate that these structures are directly dictated by successive exo-magnetosphere pressure pulses applied along the magnetopause. The phenomenon of observed gradual increases in arrival times of ground signatures produces waveforms out of phase, and even in anti-phase. The studied events are associated with twin-vortex ionosphere structures and are en-tirely different from the field line resonance (FLR) mode of oscillation. In our study the amplitudes of a ground signature are maximized at the highest latitude stations mapped closest to the magnetopause boundary. The maximum delay time in ground dispersed structures is dependent on the magnetopause surface wave velocity and the extent of dispersion of ground station conjugate points over the equatorial plane and along the magnetopause. In one case, with in-situ measurements, we determine the magnetopause surface wave velocity ∼210 km·s −1 , the magnetopause wavelength λ≈16 R E and the azimuthal wave number m ∼ =6. For the same case study, the ionosphere signature velocity produced from the magnetopause surface wave, at higher latitudes than the BJN station one, is almost constant and ∼1.7 km s −1 . Therefore, there is a velocity scale factor of ∼130 between the waves propagating along the magnetopause surface and those moving northward in ionosphere and producing the ground dispersive structures.
